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ABSTRACT
Despite considerable interest and investigations
on cationic lipid–DNA complexes, reports on lipid–
RNA interaction are very limited. In contrast to
lipid–DNA complexes where lipid binding induces
partial B to A and B to C conformational changes,
lipid–tRNA complexation preserves tRNA folded
state. This study is the first attempt to investigate
the binding of cationic lipid with transfer RNA and
the effect of lipid complexation on tRNA aggrega-
tion and condensation. We examine the interaction
of tRNA with cholesterol (Chol), 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), dioct-
adecyldimethylammoniumbromide (DDAB) and
dioleoylphosphatidylethanolamine (DOPE), at physi-
ological condition, using constant tRNA concentra-
tion and various lipid contents. FTIR, UV-visible, CD
spectroscopic methods and atomic force micros-
copy (AFM) were used to analyze lipid binding
site, the binding constant and the effects of lipid
interaction on tRNA stability, conformation and con-
densation. Structural analysis showed lipid–tRNA
interactions with G–C and A–U base pairs as well
as the backbone phosphate group with overall
binding constants of KChol=5.94 ( 0.8) 10
4M
–1,
KDDAB=8.33 ( 0.90) 10
5M
–1, KDOTAP=1.05
( 0.30) 10
5M
–1 and KDOPE=2.75 ( 0.50) 10
4M
–1.
The order of stability of lipid–tRNA complexation
is DDAB4DOTAP4Chol4DOPE. Hydrophobic
interactions between lipid aliphatic tails and tRNA
were observed. RNA remains in A-family structure,
while biopolymer aggregation and condensation
occurred at high lipid concentrations.
INTRODUCTION
Lipoplexes are formed when cationic liposomes and helper
lipids are mixed with DNA and RNA and the complexes
formed can protect nucleic acids from degradation (1).
Cationic lipid–DNA complexes are the major nonviral
DNA delivery systems and have been used to transfect
various cell types and deliver cancer vaccines (2–3).
Despite considerable interest and investigations on catio-
nic lipid–DNA complexes (4–16), reports on lipid–RNA
interaction are very limited (17–21). In recent years, sev-
eral delivery systems including cationic lipids were used as
major tools for transferring of siRNA, miRNA and
mRNA in vivo (22–26). Several studies showed binding
and disruption of phospholipid bilayers by supramolecu-
lar RNA complexes and suggested that speciﬁc RNA
binding to phospholipids can modulate RNA–membrane
interactions (18–20). Similarly, the role of lipid mem-
brane–RNA interactions in cell evolution of prokaryotes
and eukaryotes has been investigated (21). Even though
much of lipid–RNA interactions are associated with phos-
pholipids bilayers, structural characterization of cationic
lipid–RNA complexes has major biological importance
due to the applications of cationic lipids in siRNA
and miRNA delivery in vivo (22–26). We have recently
reported detailed structural analysis of cationic lipid–
DNA complexes using FTIR, UV-visible and CD spectro-
scopic methods as well as AFM measurements (4). In our
study the binding modes, the stability and conformational
transitions of calf-thymus DNA with cholesterol, DOPE,
DDAB and DOTAP were investigated and the conforma-
tion and condensation of DNA in the presence of cationic
and helper lipids were reported (4).
In this report the interaction of tRNA with cholesterol,
DOPE (helper) and cationic lipid DDAB and DOTAP
(Scheme 1) was studied in aqueous solution at physiolog-
ical conditions using diﬀerent lipid/RNA molar ratios and
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spectroscopic methods and atomic force microscopy
were used to determine the lipid binding site, the overall
binding constant and the tRNA secondary structure in the
lipid–tRNA adducts. Our study provides the ﬁrst struc-
tural analysis of lipid–tRNA complexes, which shows
tRNA condensation by lipids. Furthermore, structural
diﬀerences between cationic lipid–tRNA complexes and
those of lipid–DNA adducts are reported here.
MATERIALS AND METHODS
Materials
Transfer RNA from Baker’s yeast was purchased from
Sigma Chemical Co., and used as supplied. The A260/
A280 ratio of tRNA was 2.2, indicating that the tRNA
was suﬃciently free from proteins (27). Cholesterol,
DOTAP, DDAB and DOPE were from Avanti Polar
Lipid Inc., and used as supplied. Other chemicals were
of reagent grade and used without further puriﬁcation.
Preparation of stock solution
Sodium-tRNA was dissolved to 1% w/w (10mg/ml) in
10mM Tris–HCl (pH 7.3) at 58C for 24h with occasional
stirring to ensure the formation of a homogeneous solu-
tion. The ﬁnal concentration of the stock tRNA solu-
tion was determined spectrophotometrically at 260nm
by using molar extinction coeﬃcient of 9250cm
–1M
–1
(expressed as molarity of phosphate groups) (28,29).
The UV absorbance at 260nm of a diluted solution
(40mM) of tRNA used in our experiments was measured
to be 0.25 (path length was 1cm) and the ﬁnal concentra-
tion of the stock tRNA solution was calculated to be
25mM in tRNA phosphate. The appropriate amount of
lipid (0.31–6.2mM) was prepared in ethanol/water solu-
tion (50%/50%). The lipid solution was then added
dropwise to tRNA solution to attain desired lipid/tRNA
(phosphate) molar ratios of 1/80, 1/40, 1/20, 1/10 and 1/4
with a ﬁnal tRNA concentration of 12.5mM (P) in etha-
nol/water 25%/75% for infrared spectroscopic measure-
ments. It is worth noting that ethanol content 25% (ﬁnal)
in the mixture of lipid–tRNA solution does not aﬀect the
conformation of tRNA. However, ethanol induces DNA
conformational changes (B to A-form) only when the
alcohol concentration exceeds 70% (30,31).
FTIR spectroscopy
Infrared spectra were recorded on a FTIR spectrometer
(Impact 420 model), equipped with DTGS (deuterated
triglycine sulfate) detector and KBr beam splitter, using
AgBr windows. Spectra were collected after 2h incubation
of lipid with tRNA solution and measured in triplicate.
Interferograms were accumulated over the spectral range
4000–400cm
–1 with a nominal resolution of 2cm
–1 and
a minimum of 100 scans. The water subtraction was
carried out with 0.1mM NaCl solution used as a reference
at pH 7.3 (32). A good water subtraction was achieved
as shown by a ﬂat baseline around 2200cm
–1 where the
water combination mode is located. This method is a
rough estimate, but removes the water content in a satis-
factory way. The diﬀerence spectra [(tRNA solution+
lipid) (tRNA solution)] were obtained, using the tRNA
band at 968cm
–1 as internal reference. This band, which
is due to ribose C–C stretching vibration, exhibits no
spectral changes (shifting or intensity variation) upon
lipid–tRNA complexation, and cancelled out upon
spectral subtraction. The spectra are smoothed with
Savitzky–Golay procedure (32).
The plots of the relative intensity (R) of several peaks of
tRNA in-plane vibrations related to A–U, G–C base pairs
and the PO2
  stretching vibrations such as 1698 (guanine),
1654 (uracil), 1608 (adenine), 1488 (cytosine), 1244 (PO2
 
asymmetric) and 1086cm
–1 (PO2
  symmetric) versus lipid
concentrations were obtained after peak normalization
(against tRNA band at 968cm
–1) using:
Ri ¼
Ii
I968
where Ii is the intensity of absorption peak for pure tRNA
and tRNA in the complex with i concentration of lipid
and I968 is the intensity of the 968cm
–1 peak (internal
reference) (33).
CD spectroscopy
Spectra of tRNA and lipid–tRNA adducts were recorded
at pH 7.3 with a Jasco J-720 spectropolarimeter. For mea-
surements in the Far-UV region (200–320nm), a quartz
cell with a path length of 0.01cm was used. Six scans were
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Scheme 1. Structures of lipids.
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–1, with data
being collected at every nm from 200 to 320nm.
Sample temperature was maintained at 258C using a
Neslab RTE-111 circulating water bath connected to
the water-jacketed quartz cuvette. Spectra were corrected
for buﬀer signal and conversion to the Mol CD (e)
was performed with the Jasco Standard Analysis software.
The lipid concentrations used in our experiment were
0.125, 0.25, 0.5 and 1mM with ﬁnal tRNA content
of 2.5mM.
Absorption spectroscopy
The absorption spectra were recorded on a Perkin Elmer
Lambda 40 Spectrophotometer, with a slit of 2nm and
scan speed of 240nm min
–1. Quartz cuvettes of 1cm
were used. The absorbance assessments were performed
at pH 7.3 by keeping the concentration of tRNA constant
(125mM), while varying the concentration of liposome
(5–40mM).
To calculate the lipid–tRNA-binding constant, the data
are treated according to the following equations:
tRNA þ lipid $ tRNA   lipidcomplex 1
K ¼
½tRNA   lipidcomplex 
½tRNA uncomplexed½lipid uncomplexed
2
The values of the binding constants K were obtained from
the tRNA absorption at 260nm according to the methods
published in the literature (34,35), where the bindings of
various ligands to hemoglobin were described. For weak
binding aﬃnities the data were treated using linear recip-
rocal plots based on the following equation:
1
A   A0
¼
1
A1   A0
þ
1
KðA1   A0Þ
1
Cligand
3
where A0 is the absorbance of tRNA at 260nm in the
absence of ligand, A1 is the ﬁnal absorbance of the
ligated-tRNA and A is the recorded absorbance at diﬀer-
ent ligand concentrations. The double reciprocal plot of
1/(A – A0) versus 1/Cligand is linear and the binding con-
stant (K) can be estimated from the ratio of the intercept
to the slope (34).
Atomic force microscopy
Lipid–tRNA complexes at a ratio of 1:1 and ﬁnal tRNA
concentration of 0.1mM were prepared in 5ml Tris–HCl
(pH 7.4) and 5% (v/v) ethanol. The solutions were either
used undiluted or diluted further in ultrapure water. For
each sample, 30ml aliquot was adsorbed for 2min on
freshly cleaved muscovite mica. The surface was rinsed
thoroughly with 10ml of ultrapure water and dried with
Argon. AFM imaging was performed in acoustic mode at
a scanning speed of 1Hz with an Agilent 5500 (Agilent,
Santa Barbara, CA) using high frequency (300kHz) sili-
con cantilevers with a tip radius of 2–5nm (TESP-SS,
Veeco, Santa Barbara, CA). Images were treated using
the software Gwyddion (http://gwyddion.net/).
RESULTS
FTIR spectra of lipid–tRNA complexes
The IR spectral features for lipid–tRNA interaction
are presented in Figures 1, 2, 3 and 4. The assignments
of tRNA vibrational frequencies are given in Table 1
(36–42).
Lipid–base binding
Lipid–base binding is observed from major spectral
changes occurred for both free tRNA and free lipid
upon complexation. At low lipid concentration r=1/80,
increase of intensity was observed for the bands at 1698
(guanine), 1654 (uracil) and 1608cm
–1 (adenine) except for
DOPE–RNA complex, where minor decrease in intensity
of these bands was observed (Figures 1, 2 and 3). The
increase in intensity of these vibrations was characterized
by the presence of several positive features at 1710–1707
(guanine), 1667–1660 (uracil) and 1609–1606cm
–1
(adenine) in the diﬀerence spectra of Chol-, DDAB-,
DOTAP–tRNA and negative features for DOPE–tRNA
complexes (Figures 1 and 3 diﬀ., r=1/80). The observed
spectral changes are due to the lipid–RNA interaction for
Chol, DDAB and DOTAP, and no major complexation
for DOPE–RNA at low lipid concentration (r=1/80).
It should be noted that, at low lipid content r=1/80,
some shifting of the PO2 bands at 1244 and 1086 was
observed (Figure 2) due to lipid–phosphate interaction
(discussed below). At higher lipid concentrations, the
guanine band at 1698cm
–1 gained intensity and shifted
to 1697–1688cm
–1, uracil band at 1654cm
–1 gained inten-
sity and shifted to 1653–1650cm
–1 and adenine band at
1609 gained intensity with no major shifting upon lipid
interaction (Figures 1, 2 and 3, complexes r=1/4). The
increase in intensity of these vibrations is evident by major
positive features observed at 1710–1691 (guanine),
1664–1651 (uracil) and 1609–1606cm
–1 (adenine) in the
diﬀerence spectra of lipid–RNA complexes (Figures 1
and 3, diﬀs r=1/20 and r=1/4). Since cytosine band at
1488cm
–1 showed no major intensity changes, lipid–
cytosine binding can not be included (Figure 2). The shift-
ing and intensity increases observed for the guanine, uracil
and adenine vibrations are due to major lipid–base bind-
ings via guanine and adenine N7 atoms and uracil O2
atoms. However, at high lipid concentration (r=1/4),
decrease in intensity observed for most of tRNA vibra-
tions (Figure 2) is due to tRNA condensation and con-
sistent with our AFM study, which will be discussed
further on.
Lipid–phosphate binding
Lipid–phosphate interaction is evident from increase in
intensity and shifting of the PO2 asymmetric band at
1244 and symmetric band at 1086cm
–1, in the spectra
of the lipid–tRNA complexes (Figures 1, 2 and 3). The
PO2 band at 1244cm
–1 gained intensity and shifted
towards a lower frequency at 1242 (Chol), 1235 (DOPE)
and 1240 (DOTAP), while the band at 1086 gained inten-
sity with minor shifting (Figures 1 and 3). The positive
Nucleic Acids Research, 2009,Vol.37, No. 15 5199features at 1242–1240 (asymmetric) and at 1089–
1086cm
 1 (except for DOPE–RNA, which the phosphate
band at 1086cm
–1 is masked by the strong positive feature
at 1074cm
–1 due to the lipid vibration) in the diﬀerence
spectra of lipid–RNA complexes are related to increase in
intensity of the phosphate vibrational frequencies upon
lipid interaction (Figures 1 and 3). Further evidence
regarding lipid–PO2 interaction is also coming from the
intensity ratio variations of symmetric and asymmetric
PO2 bands at 1086/1244 (32). The ratio of s/as was
changed from 1.65 (free tRNA) to 1.70 (Chol–tRNA),
1.68 (DDAB–tRNA), 1.5 (DOPE–tRNA) and 1.4
(DOTAP–tRNA), upon lipid complexation (Figure 2).
It should be noted that lipid–phosphate binding start at
very low concentration and reaches a plateau where lipid–
base binding begins. This is evident by gradual increase
in intensity of the phosphate bands at 1244 and 1086cm
–1
at low lipid contents and exhibit less intensity variations
at higher lipid concentrations, where lipid–base binding
occurs (Figure 2).
Figure 1. FTIR spectra and diﬀerence spectra [(tRNA solution+lipid solution) – (tRNAsolution)] in the region of 1800–600cm
–1 for the free tRNA
and free cholesterol (A) and DDAB (B) and their complexes in aqueous solution at pH 7.3 with various lipid/RNA(P) ratios (1/80 to 1/4) and
constant RNA concentration (12.5mM).
5200 Nucleic Acids Research, 2009, Vol. 37,No. 15Hydrophobic interactions
The impact of RNA complexation on lipid antisymmetric
and symmetric CH2 stretching vibrations in the region of
3000–2800cm
–1 was investigated by infrared spectroscopy.
Free cholesterol CH2 bands at 2955, 2935 and 2864cm
–1
shifted to 2958, 2932 and 2855cm
–1 (Figure 4A, r=1/4);
free DDAB at 2922 and 2853cm
–1 shifted to 2918 and
2848cm
–1 (Figure 4B, r=1/4); free DOPE at 2920 shifted
to 2925cm
–1 (Figure 4C, r=1/4) and free DOTAP at
2924 shifted to 2927cm
–1 (Figure 4D, r=1/4), in the
lipid–RNA complexes. The shifting of lipid antisymmetric
and symmetric CH2 stretching vibrations suggests the
presence of hydrophobic interactions via lipid aliphatic
tails and hydrophobic region in RNA.
CD spectra and tRNA conformation
The CD spectra of tRNA and its complexes with diﬀer-
ent lipid concentrations are shown in Figure 5. The CD
of the free tRNA composed of four major peaks at
210 (negative), 221 (positive), 236 (negative) and 266nm
(positive) (Figure 5). This is consistent with CD spectra of
double helical RNA in A conformation (43–45). At low
lipid concentration (0.1 and 0.25mM), no major shifting
of CD bands were observed (Figure 2). However, as lipid
concentration increased (0.5 and 1mM), major increase
in molar ellipticity of the band at 210nm occurred and
the negativity of the band at 236 was reduced, while
the intensity of the band at 266 decreased at high lipid
concentration (Figure 5). No major shifting was observed
Figure 2. Intensity ratio variations for several tRNA in-plane vibrations at 1698 (G), 1654 (T), 1608 (A), 1488 (C and G), 1244 (PO2 asym-
metric stretch) and 1086cm
–1 (PO2 symmetric stretch) as a function of lipid concentrations for cholestrol (A), DDAB (B), DOPE (C) and
DOTAP (D).
Nucleic Acids Research, 2009, Vol.37, No. 15 5201for the band at 266nm in the spectra of Chol–RNA
and DOPE–RNA, DDAB–RNA and DOTAP–RNA
complexes (Figure 5). This is due to the presence of
tRNA in A-conformation both in the free state and in
lipid–RNA complexes. This is consistent with the infrared
results of lipid–tRNA complexes, that showed tRNA
in A-conformation, with marker IR bands at 1698 (G),
1244 (PO2) and 861 and 810cm
–1 (phosphodiester
modes) (41) in the free tRNA and at 1697–1688,
1242–1235, 863–868 and 814–810 in the lipid–tRNA com-
plexes (Figures 1 and 3). It is important to note that
the reduction of intensity of CD band at 266nm observed
can be due to RNA condensation at high lipid contents,
which is consistent with our IR discussion and AFM
images (Figure 5).
Stability of lipid–tRNA complexes
The lipid–tRNA binding constant was determined
as described in ‘Materials and Methods’ section
(Absorption spectroscopy). As can be observed, increasing
lipid concentration resulted into an increase in UV
Figure 3. FTIR spectra and diﬀerence spectra [(tRNA solution+lipid solution) – (tRNA solution)] in the region of 1800–600cm
–1 for the free tRNA
and free DOPE (A) and DOTAP (B) and their complexes in aqueous solution at pH 7.3 with various lipid/RNA(P) ratios (1/80 to 1/4) and constant
tRNA concentration (12.5mM).
5202 Nucleic Acids Research, 2009, Vol. 37,No. 15light absorption. This is consistent with reduction of
base stacking interaction due to lipid complexation
(Figure 6A–D).
The double reciprocal plot of 1/(A – A0) versus 1/(lipid
concentration) is linear and the binding constant (K)
can be estimated from the ratio of the intercept to the
slope (Figure 6A0,B ,C 0 and D0). A0 is the initial absor-
bance of the free tRNA at 260nm and A is the recorded
absorbance of complexes at diﬀerent lipid concentra-
tions. The overall binding constants for lipid–tRNA
complexes are estimated Kchol=5.94 ( 0.8) 10
4M
–1,
KDDAB=8.33 ( 0.90) 10
5M
–1, KDOTAP=1.05
( 0.30) 10
5M
–1 and KDOPE=2.75 ( 0.50) 10
4M
–1
with the order of stability of lipid–tRNA complexes
DDAB4DOTAP4Chol4DOPE (Figure 6). It should
be noted that stronger lipid–tRNA interactions were
observed (larger binding constants) than those of the
lipid–DNA complexes (4). The binding constants esti-
mated here are mainly due to the lipid–base binding and
not related to the lipid–PO2 interaction, which is largely
ionic in nature and can be dissociated easily in aqueous
solution.
Figure 4. Free lipid CH2 antisymmetric and symmetric stretching vibrations with tRNA complexes in the region of 3000–2800cm
–1 for cholesterol
(A), DDAB (B), DOPE (C) and DOTAP (D).
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AFM imaging of the diﬀerent lipid–tRNA complexes did
not reveal any presence of free tRNA molecules. In all
four cases the mica surface was covered by small com-
plexes (Figure 7) with a ‘fried egg’ appearance that was
readily observable at high resolution (Figure 7B, insert).
In each case we were able to estimate the average
height and average volume of the core. The ﬂattest cores
were observed for DDAB with an average height of
0.12 0.03nm (n=2319) and an average volume of
36nm
3 (Figure 7A). Cholesterol complexes had an aver-
age height of 0.15 0.05nm (n=861) and an average
volume of 48nm
3 (Figure 7C). In contrast DOTAP com-
plexes had core with double the height, 0.36 0.05nm
(n=1171), but a similar average volume of 42nm
3
(Figure 7B). Finally, DOPE complexes were similar to
the DOTAP complexes with an average height of
0.35 0.05nm (n=1020) and an average volume of 37
nm
3 (Figure 7D). The measured volumes are in excellent
agreement with the volume of a single tRNA molecule,
i.e. 45 nm
3, assuming a molecular weight of 27kDa and
a density of 1g/cm
3. In comparison, DOTAP/DNA mix-
tures that we characterized previously had a similar ‘fried
egg’ appearance with much larger cores. The average
height was 3.3 0.5nm (n=85) and the average volume
was 80000nm
3 (4).
DISCUSSION
In order to better understand the nature of cationic
lipid–tRNA interactions a comparison with those of
the corresponding lipid–DNA complexes is essential.
Over the years, several models have been developed to
describe the nature of lipid–DNA complexation (3–5).
These models include electrostatic interaction between
lipid head group and DNA backbone phosphate by dis-
placing the sodium cation, base binding via lipid polar
group and the bases donor atoms and ﬁnally, cooperative
hydrophobic interaction between aliphatic tails, which can
bring several DNA molecules together. Our recent struc-
tural analysis showed initial lipid–phosphate binding at
low lipid concentration and major lipid–base binding at
higher lipid content (4). In addition, strong hydrophobic
interactions were observed between lipid aliphatic tails
and DNA with a partial B to A and B to C-DNA
Figure 5. CD spectra of tRNA in Tris–HCl (pH  7) at 258C (2.5mM)
and chiolestrol: (A) and DDAB (B), DOPE (C) and DOTAP (D) with
125, 250, 500 and 1mM lipid concentrations.
Table 1. Measured wavenumbers, relative intensities and assignments
for the main infrared bands of Baker’s yeast tRNA in aqueous solution
at pH 7.2 0.2 (36–42)
Wavenumber
(cm
–1)
Intensity
a Assignment
b
1698 vs Guanine (C=O stretching)
1660 vs Uracil (C=O stretching)
1648 s H2O bending
1609 s Adenine (C=N stretching)
1528 w In plane ring vibration of cytosine
and guanine
1485 m In plane ring vibration of cytosine
1393 s In plane ring vibration of guanine in
anti conformation
1240 vs Asymmetric PO2
  stretch
1085 vs Symmetric PO2
  stretch
1060 s C-O ribose stretch
968 m C-C ribose stretch
913 m C-C ribose stretch
864 m Ribose-phosphodiester, A-marker
810 m Ribose-phosphodiester, A-marker
aRelative intensities; s: strong; sh: shoulder; vs: very strong; m: medium;
w: weak.
bAssignments have been taken from the literature and relevant refer-
ences are given in the ‘Results’ section.
5204 Nucleic Acids Research, 2009, Vol. 37,No. 15conformational transitions. AFM images showed major
DNA condensation, particularly in the presence of
DOTAP consistent with spectroscopic results on cationic
lipid–DNA complexes (4). Stability of lipid–DNA com-
plexes showed more stable DNA adducts formed with
cationic lipids than neutral lipids with the order of stabil-
ity DOTAP4DDAB4DOPE4Chol, indicating the sta-
bilization of lipid–DNA complexes by charge
neutralization (4). Based on our spectroscopic analysis
of lipid–tRNA complexes, minor lipid–phosphate interac-
tion was observed at low lipid concentration, whereas
major lipid–base binding occurred at high lipid content.
The base binding sites involved in lipid–tRNA complexes
were mainly N7 guanine and adenine and the O2 of uracil,
while lipid–DNA interactions included guanine and
adenine N7 and thymine O2 atoms (4). The observed
spectral changes were consistent with major tRNA
condensation observed for DOTAP and DOPE–tRNA
by AFM results (Figure 7). Larger stability of lipid–
tRNA complexes was observed KChol=5.94 10
4M
–1,
KDDAB=8.33 10
5M
–1, KDOTAP=1.05 10
5M
–1 and
KDOPE=2.75 10
4M
–1 with respect to those of the
lipid–DNA adducts KChol=1.4 10
4M
–1, KDDAB=
2.4 10
4M
–1, KDOTAP=3.1 10
4M
–1 and KDOPE=
1.45 10
4M
–1 (4). The order of stability for lipid–tRNA
complexes was DDAB4DOTAP4Chol4DOPE, com-
pared with DOTAP4DDAB4DOPE4Chol order in
the cationic lipid–DNA adducts (4). In addition, cationic
lipid altered DNA conformation from B to A and
C-transition (4), while tRNA remains in the A-family
structure upon lipid complexation. Apart from major
and minor diﬀerences between cationic lipid–tRNA
and lipid–DNA complexes such as stronger lipid–RNA
interaction in general and partial conformational
changes for lipid–DNA complexes, condensation of both
DNA and tRNA occurred by cationic lipids in a similar
fashion. DOTAP induced larger condensation of DNA
than those of DDAB, DOPE and cholesterol (4), while
DOTAP and DOPE brought major condensation of
tRNA.
Several physical and biological studies of cationic lipid–
DNA formulations have been reported (4–16) with the
aim to improve our understanding of the gene delivery
and its mechanisms (46,47). Despite the extensive research
on lipid–DNA complexes, little is known about RNA
structural changes upon lipid complexation. Our study
is the ﬁrst kind of investigation of cationic lipid–tRNA
interactions, which provides the detailed structural analy-
sis of lipid–tRNA complexes and the condensation
of tRNA in the presence of cationic and helper lipids.
A comparison with those of the lipid–DNA complexes
shows that cationic lipid can be used to transfer RNAs
such as miRNA and siRNA with potential biomedical
applications (48,49) without altering their folded
structures.
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Figure 6. UV-visible results of tRNA and its Chol (A), DDAB (B),
DOTAP (C) and DOPE (D) complexes: spectra of (a) free tRNA
(125mM); (b) free lipid (40mM); lipid–RNA complexes 1 (5), 2 (10),
3 (15), 4 (20), 5 (25), 6 (30), 7 (35), 8 (40) and 9 (60mM). Plot
of 1/(A A0) versus (1/drug concentration) for lipid and tRNA com-
plexes, where A0 is the initial absorbance of tRNA (260nm) and A is
the recorded absorbance (260nm) at diﬀerent lipid concentrations
(5–60mM) with constant tRNA concentration of 125mM at pH 7.4
for chol (A0), DDAB (B0), DOPE (C0) and DOTAP (D0).
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